Introduction
Breast cancer is one the most common life-threatening malignancies worldwide. 1 Despite great efforts having been made to explore the therapeutic effect for breast cancer, a substantial proportion of patients experience disease progression and metastasis, which indicates an adverse prognosis. For the metastatic breast cancer (MBC) patients, chemotherapy regimens containing taxanes and anthracyclines are the first-line standard of care. 2 However, anthracyclines and taxanes are routinely used as standard adjuvant or neoadjuvant treatment for high-risk early breast cancer, thereby limiting their use in patients who subsequently develop metastasis. 3 Therefore, these agents are submit your manuscript | www.dovepress.com
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Xu et al generally not considered for these MBC patients due to the potential problems associated with cumulative cardiotoxicity and drug resistance. 4 Consequently, there is no standard treatment for MBC patients whose disease progressed prior to anthracycline-and taxane-based chemotherapy to date, and it remains a great challenge to select an appropriate regimen in this setting.
Recently, various agents including antitubulins (eg, vinorelbine, 5, 6 ixabepilone, 7 and eribulin 8 ), antimetabolites (eg, capecitabine 9, 10 and gemcitabine 11, 12 ), topoisomerase I inhibitors (eg, irinotecan 13 ), and platinum analogs (eg, cisplatin 14 ) have been evaluated for their efficacy and safety in this setting when used either alone or in combination with other cytotoxic agents. Compared with single agent, some studies found that doublet agents could gain additional clinical benefits including progression-free survival (PFS), overall survival (OS), and overall response rate (ORR), 7, 11 which could offer an option for women with anthracyclineand taxane-pretreated MBC. Nevertheless, by contrast, some studies revealed that combination therapy contributed to more serious toxicities such as neutropenia, leukopenia, anemia, and constipation without any noticeable improvements in clinical benefit. 12, 15 Hence, optimal treatments for advanced breast cancer or MBC previously treated by anthracyclines and taxanes remain controversial. Most physicians usually select a regimen based on their own experience and clinical judgment.
In an attempt to resolve this problem, we performed a meta-analysis of Phase III randomized clinical trials (RCTs) comparing the efficacy and toxicity of combination therapy with single-agent therapy in those MBC patients who had been heavily pretreated with anthracyclines and taxanes. We also aimed to assess the comparative efficacy and side effects of targeted drug-based combination therapy and single-agent therapy in this setting.
Methods
literature search strategy and inclusion criteria
RCTs that were published in English and had compared doublet agents with single agent in anthracycline-and taxane-pretreated MBC were identified between January 1980 and August 2015 from the following databases: PubMed, EMBASE, and Cochrane library. For ongoing studies, we searched the ClinicalTrails.gov network (https:// ClinicalTrials.gov). The reference lists of the original articles were also searched for relevant studies. In addition, posters from the American Society of Clinical Oncology (ASCO) annual meetings and the European Society of Medical Oncology (ESMO) in the past 10 years and posters from the San Antonio Breast Cancer Symposium (SABCS) between 2009 and 2014 were also manually searched. The search algorithm used in the electronic database was (breast OR mammary) AND (carcinoma OR neoplasm OR tumor OR cancer) AND (metastatic OR relapse*) AND (pretreat*) AND (Phase III clinical trial). All titles, abstracts, and related citations were scanned and reviewed. This meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement. 16 The inclusion criteria were: 1) Phase III RCTs; 2) eligible patients included in the studies were .18 years old with pathologically confirmed advanced breast cancer or MBC and pretreated with an anthracycline and/or a taxane as adjuvant or palliative treatment; 3) studies must compare the efficacy and toxicity of combination therapy with singleagent therapy; 4) the studies must have sufficient data for extraction, stratification, and calculation.
Quality assessment of the studies
Eligibility and quality of the studies were evaluated independently by two investigators. If any discrepancies existed, a third expert was involved, and a consensus was reached after discussion. In the case of more than one reported publication of the same trial, a decision was made to include only the most recent or the most complete report.
Subsequently, an open assessment of trials was performed using the methods that were previously reported by Jadad et al, 17 which assessed trials according to the following three queries: 1) Whether the trial reported an appropriate randomization method (0-2 scores); 2) whether the report included an appropriate blinding method (0-2 scores); 3) whether the report included an account of the number of withdrawals or dropouts.
Data extraction
Two investigators independently extracted the data and recorded these data on a standardized form, and any disagreement was resolved through discussion. We extracted the following information from each publication: 1) Basic information of each study such as journal name, authors' names, and publication year; 2) characteristics of the patients such as sex, age, performance status, disease burden, and ethnicity; 3) information of the study design OncoTargets and Therapy 2016:9 submit your manuscript | www.dovepress.com
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Therapy for anthracycline-and taxane-pretreated MBc such as samples per group, methods of randomization and blinded or open-label design, inclusion and exclusion criteria, types of end point analysis, and follow-up; 4) data such as the regimen and drug dose, withdrawal from therapy, PFS, OS, ORR, and incidence of adverse effects (AEs) were also extracted to evaluate the efficacy and toxicity of the regimens.
statistical analysis
This data analysis was based on intention-to-treat population for efficacy and AEs. Pooled risk ratio (RR) and 95% confidence interval (CI) were used to appraise the ORR and AEs. In addition, OS and PFS were evaluated by pooled hazard ratio (HR) analysis and the respective 95% CI. RRs, HRs, and their respective 95% CIs were obtained from the original article. If the HRs and 95% CIs were not reported directly, we calculated them with the published methods. 18, 19 Engauge digitizer Version 4.8 was used to read and analyze the Kaplan-Meier curves of the included studies. This was a free software that can be downloaded from http://sourceforge.net/projects/digitizer/. HR calculation spreadsheet used to calculate HRs and 95% CIs were freely downloaded from http://www.biomedcentral.com/content/ supplementary/1745-6215-8-16-S1.xls. Heterogeneity was estimated by χ 2 -based Q-test. 20 When P heterogeneity ,0.100 or I 2 .50%, heterogeneity was considered statistically significant. If heterogeneity existed, a random effect model was used. If not, a fixed effect model was used. 21, 22 To better explore the source of heterogeneity, subgroup stratification analyses were performed based on several study characteristics, such as publication year, ethnicity, and different drug combinations. Egger's test and Begg's test were applied to evaluate the publication bias. 23, 24 Moreover, sensitivity analysis was conducted by omitting one study at a time to evaluate the influence of a single study on the overall estimate. All the statistical calculations were completed by using STATA software (Version 10.1; StataCorp LP, College Station, TX, USA). A statistical test with a P,0.05 was considered significant. By convention, HR .1 reflects more progression and death in the doublet agents compared with single-agent group; RR .1 reflects more relevant adverse events and more treatment response in the doublet agents group, and vice versa.
Results
study search and eligibility
The literature search process is shown in Figure 1 . After electronic database research, 204 records that compared efficacy of doublet agents therapy versus single-agent therapy in the anthracycline-and taxane-pretreated MBC population were identified. In addition, three records were identified by searching the international breast cancer meeting reports, the reference list of original articles, and reviews. Of them, 63 duplicate publications were removed subsequently. In addition, 128 records were excluded by screening the titles, abstracts, and full texts based on our inclusion criteria (irrelevant: 75 records, review: 33 records, meta-analysis: four records, and others: 16 records). Finally, 16 records were 
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Xu et al assessed for eligibility. Seven of them were then excluded: three overlapping studies, two peer-reviewed articles, one meeting abstract, and one full-text article that was unavailable. Therefore, nine studies were ultimately included in this meta-analysis. 7, 11, 12, 15, [25] [26] [27] [28] [29] characteristics of the trials All nine trials included in this meta-analysis were Phase III RCTs that were published from 2002 to 2013, and 4,641 MBC patients pretreated with anthracyclines and taxanes were involved in the further meta-analysis. Of them, 2,315 were randomly assigned to doublet agents therapy and 2,326 patients were randomly assigned to single-agent therapy. Of the nine trials included, seven trials compared the efficacy and safety of combination chemotherapy with single-agent therapy. 7, 11, 12, 25, 27, 28 However, the remaining two evaluated the efficacy of chemotherapy plus targeted therapy versus single-agent therapy. 15, 26 The baseline characteristics of the eight trials are shown in Table 1 .
Overall survival
We estimated the HRs and 95% CIs for all nine studies for overall survival. Of them, six studies reported HRs and their 95% CIs for OS directly in the original paper. 7, 11, 15, 27, 28 In the remaining three studies, HRs and 95% CIs were calculated using the original Kaplan-Meier curve data. 12, 25, 26 No obvious heterogeneity existed (P heterogeneity =0.207, I 2 =26.7%); and therefore, a fixed effects model was used to calculate the pooled HR. After qualitative synthesis, doublet agents appeared to have a more favorable overall survival compared with single agent (HR 0.90, 95% CI 0.84-0.96, P=0.002, Figure 2A ). However, in our further subgroup analysis depending on different drug combinations, we found that targeted drug plus chemotherapy did not improve OS compared with single drug therapy (HR =1.08, 95% CI 0.89-1.31, P=0.423, Figure 2A) . Next, we also demonstrated the ixabepilone-based combinations result in superior overall survival compared with single agent alone (HR 0.87, 95% CI 0.79-0.96, P=0.008, Figure S1A ).
Progression-free survival
In the nine studies that we assessed, the PFS data of two were unavailable. 25, 27 Additionally, in the remaining seven studies, HRs and 95% CIs of two were calculated from the curve data because the PFS data were not directly reported. 11, 12 In our further meta-analysis, an enhanced PFS survival was also observed in the combination therapy group (PFS: HR 0.81, 95% CI 0.76-0.88, P,0.001). The random effect model was used because of the obvious heterogeneity in the overall PFS 
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Xu et al (I 2 =68.3%, P=0.004, Figure 2B ). Further subgroup analysis was also performed, we observed different drug combinations partly contributed to the observed heterogeneity. In the two chemotherapy drugs combined subgroup, the pooled HR indicated a significant improvement in PFS compared with single-agent arm (HR 0.77, 95% CI 0.70-0.84, P=0.000, Figure 2B ), whereas PFS did not improve with targeted therapy-based combination therapy compared with single-agent therapy (HR 1.09, 95% CI 0.88-1.35, P=0.433, Figure 2B ). Furthermore, we also found ixabepilone-based combinations significantly improved superior PFS compared with single agent alone (HR 0.77, 95% CI 0.70-0.86, P,0.001, Figure S1B ).
Overall response rate
The ORR data were available in all nine trials. Owing to the significant heterogeneity that existed (P heterogeneity =0.004, I
2 =64.6%), the pooled RR was calculated using the random effect model. We found that the doublet agents showed a significantly improved ORR when compared with single agent (35.0% vs 23.0%, RR 1.72, 95% CI 1.34-2.21, P,0.001, Figure 3) ; Furthermore, we also performed subgroup analysis to evaluate the source of this heterogeneity. We identified that different drug combinations could partly explain the observed heterogeneity. In the anthracycline-and taxane-pretreated MBC population, the two chemotherapy drugs combination regimen (without any targeted drug in the regimen) appeared to have a superior response rate (RR 1.76, 95% CI 1.34-2.31, P,0.001, Figure 3 ) when compared with single-agent therapy. Moreover, consistent with PFS and OS, we also found that chemotherapy plus targeted therapy did not elicit a superior response rate when compared with the single agent (RR 1.60, 95% CI =0.69-3.71, P=0.278, Figure 3 ). However, ixabepilone-based combinations significantly improved response rate when compared with single agent (RR 2.42, 95% CI 1.46-4.02, P,0.001, Figure S2 ). This suggests that different drug combinations also contribute to the heterogeneity of ORR.
Figure 3
Pooled risk ratio (rr) and 95% ci for overall response rate. Notes: The size of the square box is proportional to the weight that each study contributes in the meta-analysis. The overall estimate and confidence interval are marked by a diamond. symbols on the right of the solid line indicate rr .1, and symbols on the left of the solid line indicate rr ,1. The rr and 95% ci were calculated with a random effect model. For the subgroups, group 1 represents the studies that compared the two chemotherapy agents combination with single-agent therapy, and group 2 represents the studies that compared the targeted therapy plus chemotherapy with single-agent therapy. Weights are from random effect analysis. Abbreviations: CI, confidence interval; ORR, overall response rate.
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Therapy for anthracycline-and taxane-pretreated MBc safety Concerning the grade 3 or 4 hematological toxicities, leukopenia, anemia, neutropenia, thrombocytopenia, and febrile leukopenia were more frequent in the doublet agents group (Table 2) . Similarly, doublet agents produced significantly increased gastrointestinal toxicities including nausea, stomatitis, and pharyngitis than did single agent, whereas the incidence of diarrhea and anorexia in the doublet agents did not differ from the single agent (Table 2) . Additionally, for other toxicities, the difference in hand-foot syndrome and toxic death between the doublets agents group and single-agent group failed to reach statistical significance ( Table 2) . Taken together, these results suggested that the toxicities were manageable, although they were more frequent in the combination group. The pooled RRs of the most frequent toxicities between the two groups are shown in Figure 4A -F.
Publication bias and sensitivity analysis
To acquire acceptable reliability, we took some steps to evaluate any potential publication bias. First, our literature search strategy was extensive; second, the studies selected in this meta-analysis were strictly concordant with the inclusion and exclusion criteria; finally, the publication bias was evaluated by several methods. As shown in Figure 5A- 
051).
In the present meta-analysis, sensitivity analyses were also performed by sequential removal of each eligible study to assess their influence on the pooled estimate. We found that the omission of several ixabepilone-containing studies 7, 28 clearly influenced the pooled estimates ( Figure 6 ). This observation indicated that the addition of ixabepilone to the regimen significantly influenced the pooled ORR/PFS/OS, which might lead to heterogeneity in the meta-analysis.
Discussion
For decades, despite significant advances in treating breast cancer patients, disease relapse and metastasis are still major problems. 30 Especially for those MBC patients who progressed after anthracycline-and taxane-based chemotherapy, there has been no standard care to date. Recently, many RCTs compared the efficacy and toxicity of various combinations of drugs with single-agent therapy in this setting, and the results were controversial. Furthermore, in 2013, a meta-analysis led by Qi et al 31 compared the efficacies of the two treatment modalities for the anthracycline-pretreated MBC patients. Unfortunately, because only four RCTs were included in their study and the information was somewhat limited, they failed to clearly prove the role of combination therapy in the treatment of MBC pretreated with an anthracycline and/or a taxane. Therefore, we updated and summarized the information of related RCTs in order to aid decision making when cytotoxic agents were considered for these patients.
Consequently, nine RCTs were included in our metaanalysis 7, 11, 12, 15, [25] [26] [27] [28] instead of four in the previous metaanalysis (Figure 1 ), and the additional five studies enabled us to perform further subgroup analysis. Moreover, unlike the previous study that showed a trend in favor of doublet agents with respect to OS, but the difference was not statistically significant partly due to the limited RCTs included, we demonstrated for the first time that doublet agents were more efficacious in terms of OS (HR 0.90, 95% CI 0.84-0.96,submit your manuscript | www.dovepress.com
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Xu et al compared with single-agent therapy (Figure 2A and B) in the anthracyline-and taxane-pretreated breast cancer patients. The HR of 0.90 translates into a 10% reduction in the risk of death in patients receiving doublet therapy compared with those treated with single agent alone. Moreover, it should be noted that all of our eligible trials did not specify the HER-2 status of the patients. And the survival information concerning the HER-2 status subgroups was not reported. Not to mention that the HER-2 data of two studies was unavailable. 25, 27 Therefore, our meta-analysis is based on the general breast cancer population. Of course, clinical trials aimed at analysing the HER-2-negative or -positive subgroups are warranted in future.
On the basis of the promising results described previously, we demonstrated that combination therapy might represent a valuable option in the treatment of anthracycline-and taxanepretreated MBC patients. However, the toxicity and safety should be taken into account as well. For MBC patients with limited anticipated survival, impairment of the quality of life and increase in uncontrollable toxicity often outweigh the marginal efficacious benefit, leading to patient withdrawals or even to toxicity-associated deaths. 32 In this meta-analysis, most of the grade 3-4 hematological toxicities were more frequently observed in the combination therapy group compared 
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Therapy for anthracycline-and taxane-pretreated MBc with single-agent group. In addition, a greater incidence of gastrointestinal toxicities such as nausea and stomatitis was also observed in the combination agents group. However, the incidences of toxicity-associated deaths between the two treatment groups were comparable (Table 2 ). This suggested that the majority of treatment-related toxicities were acceptable and manageable, although they were more common in the doublet agents group.
As mentioned earlier, OS, PFS, and ORR did not significantly improve with the targeted drug-based combination therapy (sunitinib or bevacizumab) compared with singleagent therapy (OS: HR 1.08, 95% CI 0.89-1.31, P=0.365; PFS: HR 1.09, 95% CI 0.88-1.35, P=0.433; Figure 2A and B). Therefore, targeted therapy plus chemotherapy should not be considered as the first treatment option in the anthracycline-and taxane-pretreated MBC patients. Moreover, ixabepilone-based combination therapy was also evaluated in our subgroup analysis. Consistent with a previous study, 33 we also found that the ixabepilone-based doublets led to superior OS, superior PFS, and superior ORR compared with single-agent chemotherapy alone, with a manageable safety profile ( Figures S1 and S2) . These results taken together further supported the notion that doublet therapy can be considered for the heavily pretreated MBC, while efficacies may depend on different drug combinations. For example, the targeted therapy plus chemotherapy must be carefully chose.
Conclusion
Indeed, we should acknowledge that, some limitations of this meta-analysis should be taken into consideration when interpreting the results. First, although strict inclusion criteria were set, the different study designs including treatment regimens, drug doses, and patient selections might still contribute to the observed heterogeneity. The cumulative dose of anthracyclines and taxanes was also not homogeneous. Moreover, the lines of the therapy and whether these agents were given together or in sequential administration in MBC were not always specified. Some patients received the treatments as the first-line salvage therapy, while some others received the treatments as the second-or the third-line therapy. We can not rule out the possibility that the sequential administration exerts similar advantages compared with single drug alone. Therefore, clinical investigations and analysis of these issues are warranted. Second, different drug combinations might partly result in bias of our findings. Especially for the targeted drug-based combination, only two RCTs 15, 26 (included only two drugs: sunitinib and bevacizumab) were available, and therefore, the conclusion was immature to some extent. Sensitivity analysis also indicated that studies with ixabepilone combination therapy obviously influenced the reliability of the overall estimates of our meta-analysis ( Figure 6 ). Third, despite that adequate randomization was used, the results may have been overestimated because a blind investigational method was not applied. The present meta-analysis was performed based on the HRs and CIs reported directly or indirectly, whereas the information of individual patients was unavailable. Therefore, a meta-analysis based on more clearly individual treatment benefits was unable to be conducted. Fourth, the small sample size of the trials included in this meta-analysis inevitably imposed restrictions on the reliability of the data. In particular, a limited number of patients might have precluded some kinds of infrequent treatment-related toxicities. Finally, all of the studies in this meta-analysis were derived from those undertaken in the West. Thus, more studies based on Asian populations are urgently needed to confirm these results. 
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Supplementary materials
Figure S1
The pooled hazard ratio (hr) and 95% ci for survival following ixabepilone-based doublet agents therapy and single-agent therapy. Notes: The size of the square box is proportional to the weight that each study contributes in the meta-analysis. The overall estimate and confidence interval are marked by a diamond. symbols on the right of the solid line indicate hr .1, and symbols on the left of the solid line indicate hr ,1. (A) Overall survival. (B) Progression-free survival. For the subgroups, group 1 represents the studies that compared the ixabepilone-based doublets with single-agent therapy, and group 2 represents the studies that compared the other regimens with single-agent therapy. The HRs and 95% CIs for OS and PFS were calculated with a fixed effect model. Weights are from random effect model. Abbreviations: CI, confidence interval; OS, overall survival; PFS, progression-free survival.
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Figure S2
Pooled risk ratio (rr) and 95% ci for overall response rate of ixabepilone-based combination versus single-agent therapy. Notes: The size of the square box is proportional to the weight that each study contributes in the meta-analysis. The overall estimate and confidence interval are marked by a diamond. symbols on the right of the solid line indicate rr .1, and symbols on the left of the solid line indicate rr ,1. The rr and 95% ci were calculated with a random effect model. For the subgroups, group 1 represents the studies that compared the ixabepilone-based doublets with single-agent therapy, and group 2 represents the studies that compared the other regimens with single-agent therapy. The RR and 95% CI were calculated with a fixed effect model. Abbreviations: CI, confidence interval; ORR, overall response rate.
